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Abstract: Coastal mallee shrubland wildfires present challenges for accurately predicting fire spread 
sustainability and rate of spread. In this study, we assess the fuel drivers contributing to coastal 
mallee shrubland fires. A review of shrubland fire behaviour models and fuel metrics was con-
ducted to determine the current practice of assessing shrubland fuels. This was followed by work-
shops designed to elicit which fuel structural metrics are key drivers of fire behaviour in coastal 
mallee shrublands. We found that height is the most commonly used fuel metric in shrubland fire 
models due to the ease of collection in situ or as a surrogate for more complex fuel structures. Expert 
workshop results suggest that cover and connectivity metrics are key to modelling fire behaviour in 
coastal mallee shrublands. While height and cover are frequently used in fire models, we conclude 
that connectivity metrics would offer additional insights into fuel drivers in mallee shrublands. Fu-
ture research into coastal mallee fire behaviour should include the measurements of fuel height, 
cover, and horizontal and vertical connectivity. 

Keywords: shrubland; fuel metrics; fuel assessment; fuel classification; fire behaviour; fire  
modelling; coastal mallee 
 

1. Introduction 
Coastal mallee shrublands are particularly prone to destructive wildfires which neg-

atively affect human lives, infrastructure, property, agriculture, forestry and ecological 
values [1,2]. While prescribed burning can be an effective mitigation of large wildfires in 
mallee shrublands if undertaken at sufficient scale [3], limited burns have been under-
taken in coastal mallee shrublands outside of large wildfire events partially owing to the 
lack of a suitable fire behaviour model for this fuel type. 

The term mallee refers to multi-stemmed eucalypts with a lignotuber root system 
and to the ecosystems which are dominated by mallee species [4–6]. Mallee shrublands 
occur in semi-arid Mediterranean climates of Australia (mild wet winters, hot dry sum-
mers). Coastal mallee shrublands are found mostly on Kangaroo Island, the Eyre Penin-
sula and the Yorke Peninsula in South Australia [5,7,8]. Mallee shrublands are character-
ised by relatively short (2 to 6 m) multi-stemmed eucalyptus tree overstorey and sparse 
shrubby understorey [9]. Coastal mallee shrublands share the short mallee form of euca-
lypt overstorey, similar to open semi-arid mallee shrublands, but have higher canopy 
cover and denser shrubby understorey [10] which provides increased fuel continuity for 
fire spread. Figure 1 show archetypes of open semi-arid mallee (a and b) and coastal mal-
lee (c and d), highlighting the difference in vertical and horizontal continuity. Coastal 
mallee shrublands are considered a subset of MVG14 (mallee woodland and shrublands) 
in the National Vegetation Information System (NVIS) [4]. The term “coastal mallee” is 
used to describe the ecosystem of denser mallee vegetation, as they tend to occur within 
20 km of the coast in higher rainfall areas; however, they are not specifically limited to the 

Citation: Telfer, S.; Reinke, K.;  

Jones, S.; Hilton, J. Fuel Drivers of 

Fire Behaviour in Coastal Mallee 

Shrublands. Fire 2024, 7, 128. 

h ps://doi.org/10.3390/fire7040128 

Academic Editor: Grant Williamson 

Received: 24 January 2024 

Revised: 30 March 2024 

Accepted: 3 April 2024 

Published: 9 April 2024 

 

Copyright: © 2024 by the authors. Li-

censee MDPI, Basel, Swi erland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (h ps://cre-

ativecommons.org/licenses/by/4.0/). 



Fire 2024, 7, 128 2 of 26 
 

 

coast. “Coastal mallee” is also the common name of Eucalyptus diversifolia, one of the spe-
cies which makes up coastal mallee shrublands [5]. 

 
Figure 1. Photographs of coastal mallee on Kangaroo Island, South Australia, (a,b) and semi-arid 
mallee shrublands in northern Eyre Peninsula, South Australia, (c,d), contrasting vertical and hori-
zontal connectivity from eye level and oblique aerial perspective. 

Several detailed reports have floristically distinguished different mallee vegetation 
associations across South Australia [7,8,11]. These ecological distinctions cover a wide 
range of fuel arrangements and continuity. From a fire modelling perspective, coastal mal-
lee shrublands are distinguished from sparser semi-arid mallee shrublands due to the dif-
ferent fire spread thresholds. Several studies have specifically investigated the fire behav-
iour and spread of both wildfires and prescribed burns in semi-arid mallee shrublands 
[6,12–14]. The primary fuel parameters affecting fire spread sustainability in semi-arid 
mallee is horizontal discontinuity of fuels and vertical discontinuity to a lesser extent 
[6,12,13]. 

In fire-prone Mediterranean landscapes, undertaking prescribed burns adjacent to 
the values being protected is desirable to mitigate the risk of socio-economic losses from 
unplanned wildfire [15]. However, this brings an increased risk of negative impacts 
should a planned fire exceed the boundaries. The risk of burn escape can be effectively 
managed through confidence in fire behaviour prediction and the prescribed weather and 
fuel conditions. However, prescribed burn practitioners have reported that the most re-
cent fire spread probability model developed for semi-arid mallee [12] does not perform 
well in coastal mallee shrublands (Aaron Macumber, Fire Management Officer, National 
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Parks and Wildlife Service South Australia, personal communication). The poor fit of mod-
els designed for semi-arid mallee is not surprising given that the canopy cover of coastal 
mallee is typically 30–70%—well outside the bounds of the empirical fire model (4–19% 
canopy cover) [12]. This is illustrated by Figure 2, which highlights that as fuel patches in 
shrublands become more discontinuous, higher wind speed and/or lower fuel moisture is 
required to sustain fire spread [6,12,13]. This discontinuity is believed to play a crucial role 
in driving fire behaviour in coastal mallee; however, it is unclear which continuity fuel 
metrics should be measured. 

 
Figure 2. Diagram of constraints to fire spread in shrublands illustrating how wind, fuel moisture 
and fuel spacing changes affect sustainability of fire spread. 

The need for a suitable fire spread probability model for guiding prescribed burns 
and validation of rate of spread models for wildfires in coastal mallee has led the authors 
to ask, “what are the fuel metrics driving fire spread in coastal mallee shrublands?” To 
answer this question, we first look at other empirical fire models developed for analogous 
Mediterranean climate shrublands to develop a list of fuel metrics. We then explore the 
questions further by holding a small series of workshops with fire practitioners and re-
searchers with shrubland fire expertise. 

2. Materials and Methods 
2.1. Review of the Literature on Fuel Drivers in Shrubland Fire Models 

An integrative review method was used to synthesise a list of potential fuel drivers 
from existing empirical shrubland fire models which have similarities to the coastal mallee 
shrublands [16]. Three main approaches to modelling wildland fires are found in the lit-
erature: physical/theoretical models, semi physical/semi-empirical models, and empiri-
cal/statistical models [17,18]. Each modelling approach has advantages and disadvantages 
[17,18]. Physical models rely on simplified or idealised fuel inputs [19–21]. For this review, 
physical models were excluded as they a empt to model fire from the physical and chem-
ical principles of combustion and fluid dynamics rather than statistical relationships be-
tween weather, fuel, and fire behaviour. While these physical models can offer insight into 
influences of fuel variability on fire behaviour from a theoretical perspective, these simu-
lations still require evaluation against in situ field experiments [22]. Due to these con-
straints, this paper focused on empirical fire models for shrublands which have structures 
and climates analogous to coastal mallee. 
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The Rothermel fire spread model [23] used in simulators such as BEHAVE, FlamMap 
and FARSITE takes a semi-physical approach to fire modelling and has universal fuel pa-
rameter requirements for all fuel types [24–27]. The primary fuel structure input in the 
Rothermel model is bulk density (fuel weight per volume), which is derived from fuel 
load and fuel bed height [28]. The Rothermel model is commonly used in North America 
with “standard” fuel models calibrated for shrubland fuels [29–31]. In Europe and South 
Africa, fuel models have been developed to use in fire models and simulators based on 
the Rothermel/BEHAVE model [32–36]. The fuel input parameters are often simplified by 
using fuel architypes for broad vegetation associations [29]. There are numerous studies 
which apply the Rothermel model to Mediterranean climate shrublands, with varying 
success [14,32,33,35–38]. These studies using Rothermel models derive fuel parameters 
from various other fuel metrics to use Rothermel spread equations rather than a empting 
to measure the statistical relationship between fuel metrics and fire behaviour. The direct 
influence of fuel metrics on fire behaviour was not the focus of these studies; therefore, 
they are unable to provide insight into the question of which fuel drivers are important to 
measure in shrublands. 

Alternative models have been developed from empirical fire studies. Several empir-
ical fire spread models have been developed for use in shrub fuels in Mediterranean coun-
tries [39–44], Chile [45,46], and Australia [12–14,47], and a global shrubland model has 
incorporated data from several different countries [48,49]. These models focus primarily 
on predicting the rate of spread of fires in shrubland fuels with the notable exception of 
semi-arid mallee models which also included a fire spread sustainability and crown fire 
probability threshold model [12,13]. Throughout the remainder of this paper, we use the 
term fire sustainability model to encompass fire spread probability and crown fire thresh-
old models. 

Based on the reasons given above, studies were selected based on the following cri-
teria: 
 Include shrubland vegetation; 
 Include empirical modelling or validation of fire sustainability and/or rate of spread; 
 Include a measurement of fuel a ributes. 

Rate of spread and fire sustainability are considered the most useful fire behaviour 
indicators for assessing conditions for prescribed burning and modelling wildfire in 
coastal mallee [50]. Studies which modelled the effect of fuel on shrubland fire behaviour 
through a fire threshold and/or rate of spread model were reviewed, and a summary of 
fuel metrics was compiled. Studies which did not propose new statistical models but val-
idated empirical models were also included. The results of this compilation are reported 
separately for fire sustainability models and rate of spread models (Table 1). Different ter-
minology and specific definitions of metrics were used in each study, so these were 
grouped into the most analogous or appropriate metric. 

Where the authors published multiple candidate models for fire behaviours but did 
not make an explicit recommendation, the model with the highest R2 or lowest error scores 
was used. Where alternative models were recommended by authors or had similar R2 or 
error statistics, fuel metrics from all models were included in the results. 

There are some limitations to inferring the influence of fuel from empirically derived 
statistical models. The reliance on finding a statistical relationship may be limited by the 
lack of variation within the experimental sites [14,44,51]. Cruz et al. [52] suggest a dimin-
ishing influence of fuel on fire spread as fire danger conditions increase. Additionally, the 
physical mechanism for fire propagation cannot always be inferred simply through the 
correlation of fuel metrics to fire behaviour. Despite these limitations, an analysis of trends 
in the peer-reviewed literature provides a basis to understand the potential influence of 
fire behaviour in coastal mallee shrublands based on analogous vegetation types globally. 

  



Fire 2024, 7, 128 5 of 26 
 

 

2.2. Expert Workshop on Fuel Drivers in Shrublands 
A series of expert elicitation workshops were conducted with practitioners and re-

searchers to expand the list of candidate fuel metrics from the literature review. Workshop 
participants were invited to participate based on their experience in either conducting 
prescribed burns or undertaking research into fire behaviour in shrublands. Experts were 
selected based on having a minimum of 5 years of experience in burning in shrubland 
fuel, either prescribed fire or experimental fires, and all but two had more than 10 years 
of experience. All participants were screened for experience in predicting wildfires, stud-
ying wildfire behaviour, or managing suppression of wildfires in shrubland fuel types. 

Eight shrubland fire experts participated in one of three online workshops conducted 
during 2022, with seven participants from Australia and one participant from Europe. 
Four participants were practitioners with experience in burning and wildfire suppression 
in coastal mallee shrublands and four participants were researchers with experience in 
research in shrublands including a range of experience in Australia, Mediterranean Eu-
rope, and North America. Two of the research participants also had significant operational 
experience managing prescribed fire and wildfire in mallee shrublands. It should be noted 
that three of the four researchers were involved in the development of models which have 
been included in the review of the published literature. While the workshop was designed 
to minimise the influence of anchoring or confirmation biases, they cannot be completely 
ruled out. We do not believe these significantly affected the outcome of the workshops. 

In the workshops, participants were asked to compare the importance of different 
coastal mallee shrubland fuel structure components across a range of conditions. Partici-
pants were identified as either expert practitioners or researchers. Participants’ responses 
were kept anonymous to avoid bias, and no personal details were collected. 

The workshops were arranged into four sections, prior to which a definition of fuel 
strata was provided to give a common understanding of the vegetation and structure of 
the fuel. Before commencing the workshop, participants were provided with a definition 
of terminology commonly used in fire management in Australia, in particular an explana-
tion of the different strata used to describe coastal mallee shrublands. Fuel strata were 
defined using the Overall Fuel Hazard Guide for South Australia [53]. In coastal mallee, 
surface fuel is mostly leaf and bark li er fuel. Near-surface includes grasses and low 
shrubs, sometimes containing suspended components of leaves, bark, and twigs up to 0.6 
m. Elevated fuels include live and dead shrubby understorey. Canopy fuel in coastal mal-
lee consists of the eucalypt mallee crowns. 

The first section used a non-exclusive importance ranking of fuel strata; the second 
section used an exclusive weighting rank of fuel metrics; the third section used a most 
important metric selection method; and the fourth section used a non-exclusive im-
portance ranking for fuel metrics. For each section, visual prompts and photographs were 
used to support survey questions. 

A total of 31 questions were presented to workshop participants as a series of slides 
with online polling to capture individual responses and feedback, which remained hidden 
from other participants until all responses were recorded. The questions and options 
given to workshop participants are presented in Appendix A. The summary of all re-
sponses was then shared with participants for discussion. 

The first section (Appendix A.1) presented seven pairs of photographs of coastal mal-
lee shrublands with visual variations in fuel structure and observed fire behaviour. The 
photographs were taken before or during prescribed burn ignition. Participants were 
asked to “rate the importance of each fuel strata on fire spread” based on their experience 
and perceptions of the photos. Each fuel stratum was assigned on a Likert scale of 1 (not 
at all important) to 7 (extremely important). 

Figure 3 presents a photo pair of planned burn sites, illustrating burns executed un-
der similar weather conditions yet resulting in distinct fire behaviour. All corresponding 
photo pairs are documented in Appendix B. The photo pairs represent a typical range of 
coastal mallee fuel structures on Kangaroo Island and the Eyre Peninsula. Considering 
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that all other factors influencing fire behaviour were controlled across each site pair, it is 
assumed that the observed variation in fire behaviour between sites within the photo pairs 
is primarily due to differences in fuel characteristics. Photo pairs were presented to work-
shop participants without additional commentary on fuel characteristics to avoid biasing 
responses. 

 
Figure 3. Example pair of photos of coastal mallee shrublands provided during the expert workshop 
and used to rate the importance of fuel strata to fire spread. 

The second section (Appendix A.2) presented the same seven pairs of photos and this 
time participants were asked to “weight the contribution of different fuel structure metrics 
for the relative contribution to fire behaviour” based on their experience. Participants 
weighted each fuel metric’s relative contribution to fire spread as a percentage (with the 
sum totalling 100%). 

The third section (Appendix A.3) presented eight slides with a range of different fuel 
structure metrics grouped by metric type (e.g., vertical continuity, density, height) and 
asked participants to choose which of the “factors had the most influence on fire spread 
in shrublands” based on their experience. Participants were able to select only one (the 
most important) of the presented metrics. 

The fourth section (Appendix A.4) presented five questions asking participants to 
“rate the importance of metrics across fuel strata to fire spread thresholds”. Each fuel met-
ric used a Likert scale of 1 (not at all important) to 7 (extremely important). 

The results of all survey questions were collated and analysed for trends in the whole 
expert group and within subgroups of researchers and burn practitioners. Descriptive sta-
tistics were used to analyse responses for each workshop section and compare the fre-
quency and weighted mean of fuel strata and fuel metrics. 

3. Results 
3.1. Review of Shrubland Fire Behaviour Model Literature 

The results of a review of the fire behaviour literature are presented as shrubland fire 
spread threshold fuel drivers and rate of spread fuel drivers. In total, 17 models were 
found to meet the criteria for review. Six of these studies produced models from experi-
ments in Australia and New Zealand, with one study producing two different models for 
different vegetation types [12–14,47,49,54]. Six studies were conducted in Mediterranean 
climates in Europe [39–42,44], two in the North America [37,55], and one in the UK [56], 
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and one model used data from experiments for multiple countries and climates [48]. It 
should be noted that the North American studies did not produce a new model but did 
validate a range of existing empirical models and therefore the fuel parameter from the 
best fit model (or as recommended by the authors) is included in the results. 

Many other shrubland fire studies were also reviewed [6,31–33,36,38,51,57–69]. How-
ever, these studies did not measure a range of potential fuel metrics in order to develop 
statistical models of fire spread or sustainability based on weather and fuel parameters. 
Mostly, these studies aimed to produce fuel models to use with Rothermel/BEHAVE fire 
models or to validate fire models with a set of existing fuel parameters. These studies of-
fered less insight into fuel drivers of fire in shrublands compared with the studies which 
aimed to develop empirical fire models. 

The results of the literature review are summarised in Table 1. Height was the most 
frequently used metric in shrubland models, being used in 11 rate of spread models. Cover 
metrics were used twice in shrubland fire spread sustainability models. 

Table 1. Summary of the fuel metrics used for empirical shrubland fire models (n = 17) as reported 
in the key literature. 

Region Fuel Type Source 
Fuel Metrics Used in Rate 

of Spread Model 
Fuel Metrics Used in Fire 

Sustainability Model 
Australia (Tas) Bu ongrass moorlands [47,54] Fuel Age NA 

Australia and NZ Shrublands [49] Height NA 
Australia (WA) Semi-arid Mallee [14] None NA 
Australia (SA) Semi-arid Mallee [13] ** FHS * Cover 
Australia (SA) Semi-arid heath [13] ** FHS *, Height NA 

Australia (SA and WA) Semi-arid Mallee [12] Height, Cover Cover 
New Zealand Gorse Shrubland [70] Height NA 

Global Shrublands [48] Height NA 
UK (Scotland) Moorlands [56] Height, Canopy Diversity NA 
Canada (NS) Shrublands [55] Bulk Density NA 
USA (Texas) Semi-arid Shrublands [37] Height NA 

Mediterranean (Portugal) Shrublands [41] Height NA 
Mediterranean (Portugal) Shrublands [40] Height NA 

Mediterranean (Spain) Shrublands [43] Height NA 
Mediterranean (Spain) Gorse Shrublands [44] None NA 

Mediterranean (Turkey) Shrublands [42] Height, Cover NA 
Mediterranean (Turkey) Shrublands [39] Cover NA 

* Fuel Hazard Score, ** Two separate vegetation types were included in a single study. 

In addition to the frequency of metrics collected and used in the models, further in-
vestigation of the literature revealed a repeated theme amongst shrubland fire behaviour 
studies. Height was used 11 times as a model parameter, but the authors of three studies 
used height as the simplest or most consistent metric assessed and suggested height may 
be a surrogate or proxy for actual fuel metrics driving fire behaviour in shrublands 
[40,48,49]. Height is also commonly used together with fuel load in implementations of 
the Rothermel model particularly using the BEHAVE system [24,25,32,37,71]. Similarly, 
cover is used in mallee models, but given the correlation between fuel variables it may 
also be acting as a proxy for more complex fuel structures [12]. Although bulk density 
(weight of fine fuel per volume, e.g., kg/m3) only features once in the list of model param-
eters [55], some studies provided an alternative model which used bulk density and dis-
cussed the importance of bulk density in shrublands [13,41,48]. None of the studies re-
sulted in models which used explicit measurements of vertical continuity (only height as 
a proxy). Cover (or percent cover scores) was the only horizontal continuity metric used, 
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despite previous studies suggesting that continuity of fuel is important to fire propagation 
in shrubland fuels [6,72]. 

3.2. Expert Workshop Results 
Table 2 shows the average importance ranking of each fuel strata to fire spread 

thresholds in coastal mallee shrublands reported by expert participants during the first 
section (Appendix A.1) of the workshops. Definitions of fuel strata were defined using the 
Overall Fuel Hazard Guide for South Australia [53]. Near-surface fuel strata was identified 
by workshop participants as the most important fuel strata, followed by surface and ele-
vated. Canopy fuel strata was considered to be of least average importance for any of the 
pairs of photos presented in section 1. 

Table 2. Median scores of all participants’ (n = 8) response to the importance of fuel strata to fire 
spread in coastal mallee shrublands on a Likert-scale of 1 (low) to 7 (high) from paired photographs. 

Paired Photo No. Canopy Elevated Near-Surface Surface 

1 2 5 6 6 
2 1 5 7 6 
3 1 4 6 6 
4 1 4 7 7 
5 2 4 6 6 
6 2 7 7 5 
7 2 7 6 5 

Summary of all pairs 1 5 7 6 

Figure 4 illustrates the variation in ranked fuel strata importance with boxplots. In 
these boxplots, near-surface fuel is rated the most important fuel strata and shows the 
narrowest interquartile range indicating not only a high importance assigned by a partic-
ipant but also good agreement between participants. Surface fuel is also highly rated, with 
marginally larger spread between the interquartile ranges. Both elevated and canopy fuels 
exhibit a wider interquartile range, indicating greater variability in importance ratings. 

 
Figure 4. Boxplot of participants’ (n = 8) responses to the importance of fuel strata to fire spread 
from photographs of coastal mallee shrublands (n = 7). Note the median importance for canopy is 
1. 
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Figure 5 is a series of histograms comparing the importance ranking of fuel strata for 
each photo pair presented to workshop participants in the first section of the workshop 
(Appendix A.1). These histograms present a graphical representation of the results sum-
marised in Table 2, showing the importance assigned to different fuel strata by experts. 
While Table 2 gives the median score of each strata for photo pairs, Figure 5 shows the 
spread of responses for corresponding strata and photo pairs. Examining individual re-
sponses to photos 1–5 reveals varied opinions on the importance of elevated fuel, while 
photos 6 and 7 consistently show high ratings. By comparing responses in each column of 
Figure 5 (i.e., per stratum), the results show near-surface and surface strata rated as most 
important, closely followed by elevated strata, with the canopy always clearly rated as the 
lowest category of importance, which is consistent with results in Table 2 and Figure 4. 

 
Figure 5. Combined results for all shrubland fire expert workshop participants for each photo-
graphic pair in section 1 (Appendix A.1) ranking the importance of fuel strata to fire spread in coastal 
mallee shrublands from low importance (1) to high importance (7). 
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Table 3 summarises the rankings of various fuel metrics by broad fuel a ribute cate-
gories. The results are presented in order of their importance to fire behaviour (both rate 
of spread and fire sustainability) in coastal mallee shrublands and includes the number of 
times each metric was presented as an option to workshop participants (not all metric 
categories were presented the same number of times). The results show cover and connec-
tivity were ranked as most important slightly more frequently than load and density. Ta-
ble 3 summaries metrics based broadly on the fuel a ributes being measured. The number 
of times a fuel metric was presented to participants was not evenly distributed across all 
classes. This was because the number of metrics for some classes had a greater number of 
possible fuel metrics. It is noteworthy that despite height metrics being given as an option 
more often than all other fuel metrics, height was not the top ranked metric for any of the 
responses. 

Table 3. Summary results from participants (n = 8) of expert workshop results rating the contribu-
tion of fuel metric categories to fire spread based on photos of shrublands (n = 7). 

Fuel Metric Class 
Number of Times Selected 

as Most Important 
Number of Times Given as 

Option 1 

Connectivity 2 7 
Cover 3 8 
Load 1 6 

Density 1 4 
Height 0 10 

1 Options were not evenly distributed in frequency when presented to participants. 

Table 4 shows the importance given to different fuel metrics ranked from high to low 
for each photo pair presented to workshop participants. Grouped by stratum, near-surface 
metrics were most frequently ranked the highest importance to fire spread, followed by 
surface and elevated strata metrics. Cover, connectivity, and load metrics were more fre-
quently ranked more important than height metrics. Near-surface fuel cover (49), surface 
fuel connectivity (42) and near-surface to elevated connectivity (41) were the most highly 
ranked metrics overall. Canopy metrics received the lowest rankings. Connectivity, cover, 
and load metrics consistently appeared in the top half of rankings (with the notable ex-
ception of canopy cover), while height metrics were mostly in the lower half of weightings 
when ordered highest to lowest. 

Table 4. Average scores of weightings of fuel metrics in coastal mallee based on responses from 
section 2 (Appendix A.2) of the expert workshop on a scale of 1 (low contribution to fire spread) to 
100 (high contribution to fire spread), ordered from highest to lowest contribution to fire spread for 
each photo pair. 

Paired Photo No. Fuel Metric Average Score 

Photo Pair 1 

Surface fuel cover 27 
Elevated fuel density 26 

Near-surface fuel height 23 
Gap between elevated and canopy 14 

Canopy fuel height 11 

Photo Pair 2 

Near-surface fuel density 35 
Surface fuel load 31 

Elevated fuel height 18 
Canopy fuel cover 9 

Overall bulk density 8 

Photo Pair 3 
Surface fuel connectivity 42 
Near-surface fuel cover 29 
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Near-surface and elevated fuel load 19 
Elevated fuel height 8 

Canopy height 3 

Photo Pair 4 

Surface fuel cover 35 
Near-surface vertical connectivity 29 

Surface fuel load 26 
Elevated to canopy gap 9 

Canopy fuel cover 1 

Photo Pair 5 

Near-surface fuel load 34 
Surface fuel cover 25 

Elevated fuel density 24 
Elevated to canopy gap 15 

Canopy fuel height 1 

Photo Pair 6 

Near-surface to elevated connectivity 41 
Elevated to canopy gap 29 

Elevated fuel height 21 
Surface fuel depth 8 
Canopy fuel cover 1 

Photo Pair 7 

Near-surface fuel cover 49 
Elevated fuel load 29 
Surface fuel depth 13 
Canopy fuel height 8 
Canopy fuel cover 1 

Figure 6 shows the frequency of workshop participants’ responses to questions re-
lated to the specific measurement of fuel-related metrics presented in Appendix A.3. The 
preferred method for measuring fuel height within a stratum is using an average height 
measurement (Figure 6a). Near-surface and overall fuel cover are considered the most 
important strata to measure by experts when considering horizontal fuel continuity (Fig-
ure 6b). However, measuring the average gap distance between fuel elements is consid-
ered more important than traditional percentage cover (Figure 6c). Vertical continuity was 
chosen as having the most influence on fire spread (and crown fire) thresholds compared 
to other vertical connectivity (Figure 6d). Vertical gap distances were ranked as the next 
most important of the vertical structure metrics. However, if the two gap metrics (near-
surface to elevated gap and elevated to canopy gap) are combined, they are equal in im-
portance to vertical connectivity. Canopy height and near-surface height were not consid-
ered the most important metrics, with respondents choosing between elevated height and 
gap between layers as being most important (Figure 6e). Canopy and surface strata were 
considered the least important to measure for estimating bulk density metrics, with ele-
vated, near-surface, and combined total density being the most frequently selected (Figure 
6f). 

The fourth and final section of the expert workshop compared the importance of dif-
ferent fuel metrics from different strata and asked experts to rank the importance of the 
metric options given. Table 5 shows the results of these questions grouped by fuel strata 
and ranked from highest to lowest within the fuel strata. Horizonal and vertical cover and 
continuity metrics were the highest within all fuel strata. Surface, near-surface, and ele-
vated fuel metrics were consistently ranked higher than canopy metrics. Familiarity of 
definitions of terms or methods may have an influence over workshop participants’ pref-
erences. The final group of questions in Table 5 was not related to a fuel stratum but about 
measurement methods and suitability for describing hazards. The rankings of experts in-
dicate that physical measurements of fuel are preferred to visual assessment hazard score 
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methods [73]. Hazard scores derived from physical data-based methods received lower 
rankings compared to visual techniques. 

 
Figure 6. Histogram of participant responses (n = 8) to questions: (a) Which height metric has the 
most influence on sustained fire spread in shrublands? (b) Which strata horizontal cover/continuity 
is most important to fire spread thresholds in shrublands? (c) Which measure of horizontal 
cover/continuity has the most importance to fire spread thresholds in shrublands? (d) Which vertical 
fuel metric has the most influence of fire spread (and crown fire) thresholds in shrublands? (e) 
Which height metric has the most influence on fire spread and crown fire behaviour in shrublands? 
(f) Which strata bulk density is most important to fire spread in shrublands? 

Table 5. Results of workshop section 4 (Appendix A.4) questions comparing importance of coastal 
mallee fuel structure metrics within a fuel stratum on a scale of 1(low importance) to 7 (high im-
portance). 

Question Fuel Metric 
Average 

Score 

Li er cover 6.1 
Li er density 4.4 
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Importance of 
surface fuel 

metrics 

Li er depth 3.3 

Li er weight (fuel load) 2.4 

Importance of 
near-surface 
fuel metrics 

Near-surface cover 6.0 
Vertical Connectivity to elevated fuel (or gap size) 6.0 

Live:Dead ratio 5.4 
Near-surface height 5.1 

Near-surface fuel load 3.4 
Near-surface bulk density 2.9 

Importance of 
elevated fuel 

metrics 

Elevated fuel cover 6.1 
Live:Dead ratio 4.6 

Gap between elevated and canopy base 4.5 
Elevated fuel height 4.4 
Elevated fuel density 3.8 

Elevated fuel load 2.8 

Importance of 
canopy fuel 

metrics 

Canopy cover 4.8 
Canopy base height 4.6 

Canopy height 3.3 
Canopy bulk density 1.9 

Canopy load 1.8 

Importance of 
hazard score 

Physical measure of fuel important in fire spread thresh-
olds 

6.3 

Visual fuel hazard method important in shrublands 4.9 
Data derived hazard score important in shrublands  3.4 

Hazard score for assessing fuel for prescribed burning 2.8 

4. Discussion 
The results of the fire behaviour literature indicate that vegetation/fuel height is often 

used as a key fuel structure metric in shrubland fire models, followed by cover. Vegetation 
height is correlated to fire spread thresholds and rate of spread but is noted as a proxy or 
surrogate for more complex fuel structures both in the literature and comments provided 
by experts during the workshops [12,13,48]. When asked to rank the importance of fuel 
metrics on fire spread by comparing photo points, height metrics were generally ranked 
lower in importance than connectivity metrics, although some experts still ranked height 
metrics highly. This may be due to overlap between workshop participants and existing 
shrubland fire model authors. However, due to the anonymity of the workshop results, it 
is not possible to distinguish between participants’ selection nor their reasons for choosing 
certain metrics. Despite the questions asking participants to rank metrics in order of im-
portance to fire spread, some participants may have considered one or more metrics of 
equal importance and ranked them based on other criteria such as ease of measurement. 
Future studies should still consider height as it is relatively simple to measure in situ com-
pared with complex connectivity or time-consuming destructive sampling methods. 

Unlike height-based metrics, it is not always obvious which other structural metrics 
are driving fire behaviour in shrublands when collection methods are inconsistent [49] or 
visual assessments are used [74]. As described in the introduction, and confirmed through 
the results of this study, differences in vertical and horizontal fuel structures are visually 
obvious, yet existing empirical fire models rely on proxy fuel measurements of height and 
canopy cover. Both the reviewed fire modelling literature and expert workshops indicate 
that be er measurements of fuel structures are desirable in improving fire behaviour pre-
dictions in coastal mallee shrublands, even if that means time-consuming field work [31] 
or developing new methods of measuring fuel. Horizontal continuity, vertical continuity, 
and bulk density are alternative metrics which could improve the accuracy of fire 
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modelling and prescribed burn decision support, as indicated by the results of the litera-
ture review and expert workshops. 

4.1. Horizontal Fuel Continuity Metrics 
Arid and semi-arid shrublands have a surface and near-surface fuel discontinuity 

which must be overcome for sustained fire spread [6,13,30,75]. This is logically true of 
other fuel types including sparse (“eaten-out” and hummock) grasslands [76,77] and for-
est fuels [78] but is more pronounced in shrublands. 

The results of the expert user workshop found that surface (or li er) and near-surface 
cover and continuity metrics were the most important fuel structure metrics for fire spread 
in shrublands. Despite this strong recommendation by experts, only one of the empirical 
fire models reviewed used near-surface fuel as a predictor of fire spread [13] and one notes 
that near-surface fuel continuity is “key to accurately predicting fire sustainability” but 
uses overstorey cover as a fuel parameter [12]. Near-surface fuel metrics are considered 
difficult to assess in situ [12]. However, considering the results of the workshops and the 
literature combined, future fire studies in mallee should still a empt to quantify the influ-
ence of near-surface fuel on fire behaviour. 

Canopy metrics were ranked low by experts during the workshop, and this contrasts 
with the importance of canopy height and cover used in models such as the semi-arid 
mallee and generic shrubland models. Canopy cover has a negative effect on fire behav-
iour possibly due to the effect on wind speed in subcanopy fires and influence on li er 
and lower shrub fuels [12,13]. This apparent conflict of importance in canopy metrics be-
tween the workshop results and the literature can possibly be explained by the note by 
the authors that the canopy cover is a surrogate for other more complex fuel metrics 
[12,13,48]. 

4.2. Vertical Fuel Continuity Metrics 
Previous fire modelling studies in shrublands have tended to use height estimates as 

the only measure of vertical fuel structures. However, vertical continuity metrics have 
been used for operational fire models in other fuel types to model the transition from sur-
face fire to crown fire [79,80]. The comments from expert workshop participants and a 
review of the literature on similar vegetation types [12] indicate that the transition to 
crown fire is a critical phase in fire behaviour for shrublands. Feedback from the expert 
workshop indicate that gaps between fuel strata as the most important vertical fuel metric 
from the options provided. This aligns with Cruz et al. [79] and Cruz et al. [80], who used 
fuel strata gaps as an input for a crown fire threshold model, albeit in pine forests. There 
is an overlap of model authors and workshop participants and caution is needed when 
interpreting these results due to potential double counting of metrics which were consid-
ered important in both the literature and workshop results. The overlap between work-
shop participants and model authors was somewhat unavoidable, as the researchers who 
have published fire spread models for shrublands were also the most suitable to partici-
pate in the workshop. Although not presented to the workshop participants, an alterna-
tive metric is the average height of the near-surface and elevated fuel strata weighted by 
the percent cover of the respective layer [81]. 

There is no clear consensus in the literature about why this apparent conflict in anec-
dotal observations of fuel drivers and parameters used in shrubland fire spread models 
has occurred. One possibility is that continuity metrics are more difficult or time consum-
ing to assess, and an element of pragmatism is required in fire modelling. Difficulty in 
consistent assessment by observers could lead to high variation and lower accuracy, which 
would mean that other fuel metrics are more significant in model development [74]. In 
studies which incorporate various data sources, the lack of consistent methods also tends 
to exclude some metrics from being candidates [48]. The time and cost of collection may 
also contribute to the selection of other fuel structure metrics in shrubland fire models. 
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4.3. Bulk Density Metrics 
Bulk density can be calculated from height, cover, and load measurements and is a 

logical way of combining these three metrics into a single metric. Increasing bulk density 
has been found to decrease the rate of spread and is used in alternative models for several 
studies [41,48,55,82]; however, given the correlation to fuel load and cover, it can also in-
crease the likelihood of sustained fire spread and crown fire. Bulk density is also the pri-
mary fuel structure variable used in the Rothermel model [23] and is usually derived from 
fuel loading (weight per unit area) and fuel bed height [28]. 

Despite this seemingly useful way of describing complex fuel structures, it was not 
rated as high in expert workshops. During the expert workshops, it was observed that 
researchers had a be er understanding of the definition and role of fuel bulk density in 
influencing fire behaviour than practitioners. Expert practitioners (from Australia) were 
generally not used to using the term or conceptualising fuel structure in terms of bulk 
density. This may have resulted in lower scoring for bulk density metrics, considering that 
height, load, and cover metrics are essentially combined to make a single bulk density 
metric. 

Physical fire models have been used to study the influence of fuel on fire spread [83–
85]. Physical fire models continue to improve through the inclusion of additional data 
describing physical processes and become cheaper and faster to run [86–89]. However, 
field experiments and direct or indirect measurement of fuels will continue to play a key 
role in validation, whether for an empirical or physical model. 

Recent advances in the development of remote sensing technologies and methods to 
derive fuel metrics show promise in providing systematic and reliable fuel information, 
particularly for canopy layers [90–92]. Terrestrial and mobile laser scanners (TLSs and 
MLSs) have been used to derive sub canopy fuel metrics which could be used for existing 
fire spread models [74,91,93–100]. TLSs and MLSs offer a significant advantage over air-
borne laser scanning (ALS) because they can be er differentiate between elevated and 
near-surface features without being hindered by canopy occlusion. The research and 
workshop findings highlight the importance of near-surface fuel to fire sustainability, so 
using sub canopy LIDAR to measure near surface fuel structures warrants further inves-
tigation. The ability to derive complex fuel metrics such as vertical continuity and bulk 
density from these types of data means that improved ways of describing fuel structures 
can be incorporated into next-generation fire spread models. As demonstrated by the find-
ings of this study, these more complex fuel metrics are considered to be a key driver of 
fire behaviour in coastal mallee but omi ed as inputs in models due to their difficulty in 
being reliably measured using traditional field-based techniques. 

The inclusion of traditional fuel metrics (e.g., height and cover) and novel 3D re-
motely sensed fuel metrics in shrubland fire experiments offers several opportunities. 
Measuring existing fuel metrics allows for a comparison of new fire sustainability thresh-
olds and rate of spread data to be compared to existing fire behaviour models. Traditional 
field methods could be used for the validation of remotely sensed metrics and to improve 
the spatial explicitness of fuel mapping. Three-dimensional remote sensing can also be 
used to derive vegetation continuity metrics, suggested by the results of this study 
[97,101]. To validate the results of the expert workshops, future fire studies in shrublands 
need to not only compare the results to existing fire models but develop new models or 
parameterisation using new metrics. 

5. Conclusions 
Fuel height, fuel connectivity, cover, and bulk density are considered to play a role 

in determining coastal mallee shrubland fire behaviour. These fuel structural metrics are 
usually strongly correlated with each other and often the most consistent or reliable fuel 
metric collected is used in fire models in preference to the most significant or the metric 
which produces the model with the lowest error. While height is currently the most 
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frequently used metric in shrubland fire behaviour models, the expert workshop results 
indicate that the cover and connectivity metrics are key to fire behaviour in coastal mallee 
shrublands. The measures used by most studies reported in the literature were simplistic, 
with the exception of those models developed for mallee systems [12–14], so collecting 
detailed height, cover, and connectivity data within the fuel complex (i.e., detailed metrics 
per fuel strata) may provide more insight into fire thresholds. These three metrics should 
continue to be collected for field sampling and experimental burning to allow compari-
sons with previous studies. 

Few studies have considered metrics for vertical connectivity of shrubland fuels, 
which are considered to be an important determinant of crown fires and, therefore, result 
in rapid increases in the rate of fire spread and intensity. The results of expert workshops 
suggest that horizontal and vertical connectivity are considered to play a critical role in 
fire spread thresholds for shrublands, particularly in prescribed burn conditions. While 
these results are somewhat subjective due to the small number of participants and subjec-
tive nature of the assessment of fuel drivers of fire spread, we believe they warrant further 
investigation. Based on the finding of the literature review and workshop, we recommend 
that vertical connectivity or the measurement of gaps between fuel strata be included 
alongside height and cover metrics in future shrubland fire research. 
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Appendix A. Coastal Mallee Fuel Driver Workshop Questions 
Appendix A.1. Paired Photos of Closed Mallee Shrublands—Fuel Strata 

Rate the importance of each fuel strata to fire spread for each photo pair slide (Slides 
1–7 in Appendix A) 
 Canopy fuel; 
 Elevated fuel; 
 Near-surface fuel; 
 Surface fuel. 

Appendix A.2. Paired Photos of Closed Mallee Shrublands—Fuel Metrics 
Weight the contribution of fuel metrics to fire spread for photo pairs (see Appendix 

B): 
Figure A1 
 Canopy fuel height; 
 Gap between elevated and canopy; 
 Elevated fuel density; 
 Near-surface fuel height; 
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 Surface fuel cover. 
Figure A2 
 Canopy cover; 
 Elevated fuel height; 
 Near-surface fuel density; 
 Surface fuel load; 
 Whole fuel bed bulk density. 
Figure A3 
 Canopy height; 
 Elevated fuel height; 
 Near-surface and elevated fuel load; 
 Near-surface cover; 
 Surface fuel connectivity. 
Figure A4 
 Canopy cover; 
 Elevated to canopy gap; 
 Near-surface fuel vertical connectivity; 
 Surface fuel load; 
 Surface cover. 
Figure A5 
 Canopy height; 
 Elevated to canopy gap; 
 Elevated fuel density; 
 Near-surface fuel load; 
 Surface fuel cover. 
Figure A6 
 Canopy fuel; 
 Elevated to canopy gap; 
 Elevated fuel height; 
 Near-surface to elevated connectivity; 
 Surface fuel depth. 
Figure A7 
 Canopy cover; 
 Canopy height; 
 Elevated fuel load; 
 Near-surface fuel cover; 
 Surface fuel depth. 

Appendix A.3. Influence of Fuel Metrics on Sustained Fire Spread in Shrublands 
Which height metric (or li er depth) has the most influence on sustained fire spread 

in shrublands? 
 Maximum height or depth in assessment area (e.g., the top of canopy of tallest tree); 
 nth percentile height of all measurement in assessment area (e.g., 95, 90, 75th); 
 Average li er/shrub/canopy heights in assessment area; 
 Visual estimate of height or depth. 

Which strata horizontal cover/continuity is most important to fire spread thresholds 
in shrublands? 
 Canopy; 
 Elevated; 
 Near-surface; 
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 Surface; 
 Overall vegetation cover. 

Which measure of horizontal cover/continuity has the most importance to fire spread 
thresholds in shrublands? 
 Percent cover; 
 Minimum gap spacing; 
 Maximum gap spacing; 
 Average (or a percentile) gap spacing. 

Which vertical fuel metric has the most influence of fire spread (and crown fire) 
thresholds in shrublands? 
 Gap between near-surface and elevated fuel; 
 Gap between elevated and canopy base; 
 Canopy or elevated height; 
 Size of the largest gap between any fuel layers; 
 Vertical connectivity. 

Which height metric has the most influence on fire spread and crown fire behaviour 
in shrublands? 
 Canopy height; 
 Elevated height; 
 Near-surface height; 
 Gap between layers is more important. 

Which strata bulk density (fuel load/volume) is most important to fire spread in 
shrublands? 
 Canopy; 
 Elevated; 
 Near-surface; 
 Surface; 
 Combined total density. 

Appendix A.4. Influence of Fuel Metrics on Sustained Fire Spread in Shrublands within a Strata 
Rate the importance of the following surface fuel metrics on fire spread threshold: 

 Li er depth; 
 Li er weight (fuel load); 
 Li er density/arrangement; 
 Li er cover. 

Rate the importance of the following near-surface fuel metrics on fire spread thresh-
old: 
 Near-surface height; 
 Near-surface cover; 
 Near-surface bulk density; 
 Near-surface fuel load; 
 Vertical connectivity to elevated fuel (or gap size); 
 Live:Dead ratio. 

Rate the importance of the following elevated fuel metrics on fire spread threshold: 
 Elevated fuel height; 
 Elevated fuel load; 
 Elevated fuel cover; 
 Elevated fuel density; 
 Gap between elevated and canopy base; 
 Live:Dead fine fuel ratio. 
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Rate the importance of the following canopy fuel metrics on fire spread threshold: 
 Canopy height; 
 Canopy base height; 
 Canopy cover; 
 Canopy bulk density; 
 Canopy load. 

What is important for a fuel hazard score in coastal mallee? 
 Hazard score for assessing fuel for prescribed burn in shrublands; 
 Visual fuel hazard method important in shrublands; 
 Data derived hazard score important in shrublands; 
 Physical measures of fuel are important in fire spread thresholds. 

Appendix B. Coastal Mallee Fuel Driver Workshop Photos Pair Slides Used in Appen-
dix A.1 and Appendix A.2 

 
Figure A1. Coastal mallee shrubland example. Both areas depicted in photographs were ignited 
under similar wind and fuel moisture conditions. No Go = Fire failed to sustain spread after ignition. 
Crown = Fire developed into a sustained crown fire. 
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Figure A2. Coastal mallee shrubland example. Both areas depicted in photographs were ignited 
under similar wind and fuel moisture conditions. No Go = Fire failed to sustain spread after ignition. 
Crown = Fire developed into a sustained crown fire. 

 
Figure A3. Coastal mallee shrubland example. Both areas depicted in photographs were ignited 
under similar wind and fuel moisture conditions. No Go = Fire failed to sustain spread after ignition. 
Sustained but Patchy = Fire actively spread, but missed some areas of fuel and did not actively 
crown. 
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Figure A4. Coastal mallee shrubland example. Both areas depicted in photographs were ignited 
under similar wind and fuel moisture conditions. No Go = Fire failed to sustain spread after ignition. 
Sustained but Patchy = Fire actively spread, but missed some areas of fuel and did not actively 
crown. 

 
Figure A5. Coastal mallee shrubland example. Both areas depicted in photographs were ignited 
under similar wind and fuel moisture conditions. No Go = Fire failed to sustain spread after ignition. 
Go = Fire actively spread in surface fuel, with some occasional torching, but not active crown fire. 
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Figure A6. Coastal mallee shrubland example. Both areas depicted in photographs were ignited 
under similar wind and fuel moisture conditions Crown Fire = Sustained active crown fire. Surface 
fire = Fire actively spread in surface fuel, with some occasional torching, but not active crown fire. 

 
Figure A7. Coastal mallee shrubland example. Both areas depicted in photographs were ignited 
under similar wind and fuel moisture conditions Crown Fire = Sustained active crown fire. No Go 
= Fire failed to sustain spread after ignition. 
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